Synthesis of the cellular 'energy currency' ATP is catalyzed by membrane-bound F 0 F 1 -ATP synthases. The chemical reaction at three binding sites in the F 1 part is coupled to proton translocation through the membrane-integrated F 0 part by an internal rotation of subunits. We examined the rotary movements of the ε-subunit of the 'rotor' with respect to the b-subunits of the 'stator' by single-molecule fluorescence resonance energy transfer (FRET). Rotation of ε during ATP hydrolysis is divided into three major steps with constant FRET level corresponding to three binding sites. Different catalytic activities of the individual binding sites were observed depending on the relative orientation of the 'rotor'. Computer simulations of the FRET signals and non-equally distributed orientations of ε strongly corroborate asymmetry of catalysis in F 0 F 1 -ATP synthase.
INTRODUCTION
ATP is synthesized by F 0 F 1 -ATP synthases in the plasma membrane of bacteria, in the inner membrane of mitochondria, and in the thylakoid membrane of chloroplasts. The multi-subunit enzymes consist of two major complexes with distinct functionalities: the hydrophobic membrane-integrated F 0 part which is involved in proton transport across the membrane, and the hydrophilic F 1 part which contains the three catalytic nucleotide and phosphate binding sites (for reviews see [1] [2] [3] ). As seen in electron microscopic images of single enzymes, the two parts are connected by a central stalk and a peripheral stalk [4] [5] [6] . The central stalk is built by the γ-and ε-subunit of F 1 and parts of both subunits are interfacing a ring of c-subunits of F 0 with a likely number n of c-subunits between 10 7,8 and 14 9 . The bacterial enzyme catalyzes ATP synthesis as well as ATP hydrolysis, and the ε-subunit of the enzyme is thought to play an important role in enzyme regulation. During ATP hydrolysis complex rotary behavior of ε in isolated F 1 parts has been reported earlier 10, 11 , whereas a three-stepped rotation of the γ-subunit of the central stalk was observed within membrane-embedded F 0 F 1 12 . During ATP synthesis, translocation of protons through F 0 drives a rotation of the 'rotor'-subunits γεc n relative to the 'stator'-subunits α 3 β 3 δab 2 [13] [14] [15] . The Gibbs free energy from the electrochemical potential of the proton gradient across the membrane is transduced to the catalytic nucleotide binding sites on the β-subunits, where it is used to alter the binding affinities of substrates and products as proposed by the 'binding change mechanism' 16 . The actual conformational states of the three catalytic sites depend on the relative orientation of the 'rotor' subunits. Kinetic models of catalysis have been derived from ensemble measurements 16, 3, 17 . It was deduced that the sequences of conformational changes of each of the three catalytic sites are identical and that the enzyme exhibits a three-fold symmetry 18 . However, the peripheral stator is adjacent to only one of the α,β-pairs, and, therefore, the structure of the enzyme is asymmetric. We have developed a single-molecule enzymology approach to investigate how this inherent asymmetry is reflected by individual catalytic rates and population probabilities of the three binding sites in single F 0 F 1 -ATP synthase. We prepared single H + -ATP synthases from E. coli (referred to F 0 F 1 in the following) in freely diffusing lipid vesicles and monitored the orientation of the ε-subunit with respect to the peripheral stalk by single-molecule fluorescence resonance energy transfer (FRET). The 'rotor'-subunit ε 19 of F 0 F 1 was labeled with tetramethylrhodamine as the FRET donor to yield F 1 -ε-H56C-TMR, and a bisfunctional Cy5bis 13 was used as FRET acceptor to crosslink the dimeric 'stator'-subunits b 2 , F 0 -b-Q64C-Cy5bis. The FRET-labeled enzymes were embedded in lipid vesicles of about 100 nm in diameter. Biochemical ensemble measurements showed that the labeled enzymes were functional with a mean turnover time t S = (48±8) ms to synthesize one ATP in one binding site per enzyme, and t H = (18±4) ms for the hydrolysis of one ATP. Fluorescence of FRET donor and acceptor were measured with a confocal set-up for single-molecule detection 12 .
----------------------------------

METHODOLOGY
Preparation of single FRET-labeled F 0 F 1 -ATP synthase in a liposome
The preparation of the FRET-labeled F 0 F 1 -ATP synthase from Escherichia coli is a four-step process that is described in detail elsewhere (B. Zimmermann, M. Diez, N. Zarrabi, P. Gräber, M. Börsch, submitted). The preparation is shown schematically in Fig. 1 . Briefly, (i), the F 0 F 1 with genetically introduced cysteines in the b-subunit dimer at residue positions 64 was labeled with the cyanine dye Cy5bis 13 . This fluorophore was a donation from C.A.M. Seidel (University of Düsseldorf, Germany). It contained two maleimide functions to crosslink the b-subunits specifically, and resulted in a single dye position at b 2 . (ii), the F 1 part was removed in the presence of EDTA. (iii), F 1 parts with a cysteine introduced in the ε-subunit at residue position 56 were labeled with tetramethylrhodamine-maleimide (TMR, Molecular Probes). (iv), upon addition of Mg 2+ the TMR-labeled F 1 parts were reassembled with Cy5bis-labeled F 0 parts embedded in lipid vesicles to yield approximately one F 0 -b-Q64C-Cy5bis-F 1 -ε-H56C-TMR in a single liposome. The molar ratio of bound fluorophore to protein was calculated from absorption spectra. The degree of TMR-labeling of ε was 54%, the degree of Cy5-labeling of b 2 was 94 %. Selectivity of subunit labeling was examined by gel electrophoresis and showed that approximately 90 % of the b-subunits were cross-linked by Cy5bis. The final concentration of FRET-labeled F 0 F 1 in liposomes was 40-50 nM. Figure 1 . Scheme of the preparation of the FRET-labeled F 0 F 1 in a lipid vesicle. From left to right: F 0 F 1 is labeled at position b64 with Cy5bis (dark gray ellipsoid), the F 1 part is removed in the absence of Mg 2+ and the labeled F 0 remains in the lipid membrane, F 1 is labeled separately with TMR at the ε-subunit (gray ball), and the TMR-labeled F 1 is reassembled with the F 0 in a single liposome in the presence of Mg 2+ .
ATP hydrolysis measurements of single F 0 F 1 -ATP synthase
ATP hydrolysis measurements were carried out at 20°C in buffer A containing 1 mM ATP, 20 mM tricine-NaOH (pH 8.0), 20 mM succinic acid, 2.5 mM MgCl 2 , 0.6 mM KCl, and 4% (v/v) glycerol. Fluorescence impurities in the buffer were removed by continuous treatment with active charcoal granula (Merck). The FRET-labeled F 0 F 1 in liposomes were diluted to approximately 100 pM in buffer A immediately before the data acquisition was started.
2.3.
Confocal set-up for single-molecule FRET measurements 2.3.1. Continuous-wave excitation set-up The confocal set-up used for fluorescence intensity-based single-molecule FRET measurements has been described earlier 20, 21, 12 . The sample chamber contained a buffer volume of approximately 100 µl and consisted of a microscope slide with a small depression (Roth, Germany) covered by a cover slide. A frequency-doubled Nd:YAG laser at 532 nm (Compass 315M-50, Coherent, Lübeck, Germany) was attenuated to 105 µW and focused into the buffer solution by a water immersion objective (UPLAPO, 40x, 1.15 N.A., Olympus). In epi-fluorescence configuration the fluorescence of FRET donor and acceptor was measured in two spectral regions after passing the dichroic mirror (DCXR 540, AHF): TMR was measured in the range between 540 to 610 nm, and Cy5bis was measured at wavelengths above 665 nm. The dichroic mirrors and interference filters were obtained from AHF (Tübingen, Germany). A 100-µm pinhole was used in the confocal detection pathway to reject out-of-focus fluorescence. Single photons were detected by two avalanche photodiodes (SPCM AQR-15, Perkin Elmer) and counted by a multichannel scaler PC-card (PMS 300, Becker & Hickl, Berlin, Germany) with a pre-defined time resolution of 1 ms per bin. The signals were fed in parallel into a hardware correlator for fluorescence correlation spectroscopy (ALV 5000/E /FAST, ALV, Langen, Germany). Analysis of the two-channel time trajectories was performed with the program 'BURST_ANALYZER' written by N. Zarrabi. 
Picosecond pulsed excitation set-up
For fluorescence lifetime-based single-molecule FRET measurements a second confocal microscope was constructed using an IX71 microscope (Olympus). Laser pulses of 50 picoseconds at 530 nm were provided by a new frequencydoubled amplified laser diode that was borrowed from Picoquant (Berlin, Germany). This PicoTA laser system is based on a pulsed laser diode at 1060 nm with an adjustable repetition rate. The laser pulses at 530 nm had an average power of 2.5 mW at 80 MHz. Gaussian intensity distribution was achieved by passing the laser pulses through a polarization preserving single-mode fiber. The pulses were then attenuated to an average power of 150 µW, and focused into the . The instrument response function of the set-up was measured by the APD using back scattered laser light, and resulted in a full-width-half-maximum value of 500 ps. This pulse shape was used for the deconvolution of the lifetime data with a monoexponential decay function. As a reference the fluorescence lifetime of single rhodamine 6G molecules (approximately 100 pM) in water was measured yielding τ R6G = (3.6±0.1) ns, which is in agreement with literature data 22 .
Single-molecule FRET data correction
The fluorescence intensities were corrected as follows: the mean background count rates were subtracted (usually between 0.5 and 2 kHz, obtained independently from measurements of buffer A only). Additionally a small leak of the donor signal into the acceptor channel ('cross talk') was taken into account to yield the corrected fluorescence intensities of donor (F D ) and acceptor (F A ). Mean diffusion times through the confocal detection volume of approximately 7 fl were measured by fluorescence correlation spectroscopy using rhodamine 6G in water as a reference (see fig. 2 ). Photon bursts with fluorescence intensities above the background were selected by the following criteria: (i) the minimal duration must be longer than 20 ms, and (ii), the photon bursts must consist of at least 400 photons as a sum of photon counts in both detection channels. For each burst the FRET efficiencies were calculated in 1 ms steps when the sum of the corrected count rates in both channels was greater than 10 counts per ms. The FRET efficiency was calculated according to . For the FRET acceptor Cy5bis the quantum yield Φ A = 0.32 was measured previously 13 .
RESULTS
3.1.
Three distinct orientations of the ε-subunit in the presence of AMPPNP AMPPNP is an ATP derivative that binds to the F 0 F 1 -ATP synthase, but is not hydrolyzed. Thereby, it blocks the rotation of the γ-and ε-subunit in the F 1 part of the enzyme. Since the enzyme has three catalytic binding sites, we expect three different orientations of the ε-subunit with respect to the static b-subunit dimer, if the enzyme is trapped randomly in one of the three orientations of ε. We diluted the FRET-labeled F 0 F 1 in liposomes to a final concentration of about 100 pM and added 1 mM AMPPNP to buffer A in the presence of Mg
2+
. When a liposome containing a single ATP synthase traversed the confocal detection volume, a bursts of photons was generated. Using pulsed excitation at 530 nm with a repetition rate of 80 MHz, the photons were registered with picosecond time resolution with respect to the excitation pulse. This microtime information was used to calculate the actual fluorescence lifetime of the FRET donor. As a second information the measurement time (i.e. the time after starting the TCSPC experiment) was stored. Photons of the FRET donor and acceptor were binned to 1 ms time intervals. After defining the beginning and end of an individual burst using a threshold value of minimum 5 counts per ms, the fluorescence lifetimes within the photon burst were calculated from the microtime information. Four different types of FRET-labeled F 0 F 1 in liposomes with distinct FRET efficiencies were found (Fig. 3 A-D) which were characterized by the ratio of fluorescence intensities. Therefore, we used the proximity factor P P = I A / (I D + I A ) (1) with the uncorrected fluorescence intensities I A for Cy5bis and I D for TMR. F 0 F 1 with a constant ε-orientation that resulted in a proximity factor P between 0.15 and 0.39 were called low-FRET state (L state), those with P between 0.4 and 0.69 were called medium-FRET state (M state), and those with P between 0,7 an 1.0 were called high-FRET state (H state). F 0 F 1 labeled with TMR but not Cy5bis showed an proximity factor P between 0.0 and 0.14, and were called 'donor-only'. The microtime information of the same photons of TMR in the photon bursts were extracted from the TCSPC data afterwards and binned to 48.8 ps. The fluorescence lifetime was deconvoluted using the laser pulse width of 500 ps.
• In Fig. 3 A, the F 0 F 1 exhibits a TMR lifetime of τ(L)=2.1 ns. From the fluorescence intensities in the photon bursts a proximity factor P=0.26 was calculated (calculation was started at 52 ms and stopped at 113 ms) resulting in a L state classification for this bursts.
• In Fig. 3 B, the F 0 F 1 exhibits a TMR lifetime of τ(M)=1.4 ns. From the fluorescence intensities in the photon bursts a proximity factor P=0.48 was calculated (the calculation was started at 41 ms and stopped at 78 ms), corresponding to a M state.
• In Fig. 3 C, the F 0 F 1 exhibits a TMR lifetime of τ(H)=0.5 ns. From the fluorescence intensities in the photon bursts a proximity factor P=0.85 was calculated (the calculation was started at 9 ms and stopped at 103 ms). This is the H state orientation of ε in F 0 F 1 .
• In Fig. 3D , the F 0 F 1 exhibits a TMR lifetime of τ(D)=2.48 ns. From the fluorescence intensities in the photon bursts a proximity factor P=0.07 was calculated (the calculation was started at 26 ms and stopped at 112 ms). Presumably, this F 0 F 1 is labeled with TMR only. Therefore the fluorescence lifetime represents the FRET donor lifetime in absence of the acceptor, τ D (see equation 2).
The FRET efficiency, E FRET , is related to the fluorescence lifetime of the FRET donor in the presence of acceptor, τ DA , and the lifetime in the absence of a FRET acceptor, τ D 24 :
Accordingly, the FRET efficiencies of the F 0 F 1 in Fig. 3 A-C were E FRET = 0.15 for the L state, and E FRET = 0.44 for the M state. For the H state a FRET efficiency E FRET = 0.8 was found.
In an independent experiment, the FRET-labeled F 0 F 1 in liposomes were examined in the presence of 1 mM AMPPNP using cw-laser excitation at 532 nm (B. Zimmermann et al., submitted). FRET efficiencies were calculated for the three FRET states using background correction and cross-talk corrected fluorescence intensity trajectories:
with the corrected intensity of the FRET acceptor, F A, the corrected intensity of the FRET donor, F D , and the correction factor for the detection efficiencies of the donor and the acceptor channel, γ. The FRET efficiency is related to the distance between FRET donor and acceptor, r DA
25
:
with the Förster radius R 0 = 6.4 nm for TMR at ε-56 and Cy5bis at b-64 assuming randomly distributed transition dipole moments (κ 2 = 2/3). In this FRET data set, the low-FRET state corresponded to a FRET efficiency of E FRET = 0.23, or a mean fluorophore distance of r DA = (7.9±0.2) nm (mean±SD), respectively. The medium-FRET state was characterized by E FRET = 0.52 or a fluorophore distance of r DA = (6.3±0.2) nm, and the high-FRET state exhibited E FRET = 0.86 or a fluorophore distance of r DA = (4.3±0.3) nm, respectively. The lifetime-based FRET efficiencies shown here were in good agreement with the intensity-based FRET efficiencies. Sequentially changing FRET efficiencies within a single photon bursts during ATP hydrolysis Figure 4 shows a FRET-labeled F 0 F 1 -ATP synthase during ATP hydrolysis. Within the photon burst the proximity factor P changed three times. The calculation of P was started at 51 ms yielding a high-FRET level (H) for 181 ms. Afterwards, the FRET acceptor intensity (gray trace) dropped and the FRET donor intensity (black area) raised simultaneously. The proximity factor jumped to the medium FRET level (M) and remained in that position for 35 ms. It proceeded to the low FRET level (L) lasting for 26 ms, and returned to the high-FRET level before the enzyme finally left the detection volume. We observed this stepwise changing of the distance between FRET donor and acceptor within a single photon bursts in the sequence of → H→ M→ L→ H→ for more than 80 % of the FRET-labeled F 0 F 1 -ATP synthase in the presence of 1 mM ATP. The remaining enzymes showed the reversed sequence of FRET level transitions, or an oscillation between two FRET levels.
The percentage of catalytically active enzymes in the singlemolecule FRET approach with freely diffusing liposomes depended on the thresholds used to detect the rotation of the ε-subunit. Choosing a minimum photon bursts duration of 80 ms, we calculated the number of F 0 F 1 with a rotating ε-subunit to 31 % of all bursts, with a mean of 2.8 FRET level per burst.
3.3.
Population analysis of the three FRET levels of F 0 F 1 during ATP hydrolysis 3.3.1. Non-equally distributed detection of the three FRET levels We analyzed the occurrence of the three FRET levels of active F 0 F 1 using the FRET data set with cw-excitation at 532 nm (B. Zimmermann et al., submitted). 2491 photon bursts were selected with a minimum duration of 20 ms. For photon bursts with transient E FRET changes we defined a FRET level as a state which remained constant for more than 4 ms. The arithmetic mean E FRET values for all levels within one burst were calculated. The mean values of FRET efficiencies were E FRET = 0.24 for the low-FRET level L, E FRET = 0.52 for the medium-FRET level M, and E FRET = 0.89 for the high-FRET level H. These E FRET values were similar to those obtained for the non-rotating F 0 F 1 in the presence of AMPPNP.
During ATP hydrolysis photon bursts with different numbers of FRET levels (two level, three level, etc.) contributed to the histograms. As shown in Fig. 5 A, the apparently equally distributed FRET level population was composed of several nonequally distributed sub-populations, the two-level photon bursts (Fig. 5 B) , and the three-plus the four-level photon bursts (Fig. 5  C) , and photon bursts with more than 4 levels (Fig. 5 D) . Taken all FRET levels from photon bursts with 2 and more levels together, the relative populations of the three FRET levels were 37 % for the L level (378 levels), 26 
Different dwell times of the three FRET levels
When several FRET level were observed within one photon burst, also the FRET level duration, i.e. the dwell time of the FRET level, was measured. The first and the last FRET level were omitted in the dwell time histogram because their duration (before entering and after leaving the observation volume) remained unknown. Therefore, only photon bursts with three and more FRET level contributed to the dwell time histograms in Fig. 6 .
These intermediary FRET levels were sorted by their FRET efficiency, and binned in 2-ms intervals for the histograms. The distributions were fitted with monoexponential decay functions to yield the mean dwell time of 17.6 ms for the L level (left part of Fig. 6 ), 12.7 ms for the M level (middle part of Fig. 6 ), and 15.8 ms for the H level (right part of Fig.  6 ). In the dwell time histogram, the population kinetics (the rising components at very short dwell times) of the three FRET level could not be analyzed due to the limited time resolution of 4 ms to define a FRET level. 
Simulation of the single-molecule FRET data
The population analysis of the three FRET level in F 0 F 1 -ATP synthase during ATP hydrolysis yielded an asymmetric distribution of the FRET levels. In the dwell time histograms the M level exhibited the shortest dwell time, and was the detected in more than 50 percent of all three-and four level photon bursts. As each FRET level corresponds to one orientation of the rotating ε-subunit with respect to the static b-subunit dimer, the dwell time is thought to be the time interval for one catalytic event, i.e. the hydrolysis of one ATP molecule in one of the three catalytic binding sites. Accordingly, the different dwell times for each ε-subunit orientation have to be considered as a hint for an asymmetric mode of catalysis in the membrane-embedded F 0 F 1 -ATP synthase. However, the reliability of such an interpretation depends first of all on the statistical significance of our single-molecule FRET experiment.
We evaluated the relation between distinct dwell times and the detection probabilities of the three FRET level in F 0 F 1 ATP synthase by a computer simulation. For the program 'BURST_SIMULATOR' we used the three dwell times and the sequence of FRET level transitions in the order H→ M→ L→ ..., and asked how often the three FRET level will be detected in the simulated bursts. The requirements for a burst were (i) a minimum burst duration of 20 ms, (ii) a minimum dwell time of the first FRET level of 5 ms, and (iii) a minimum dwell time of the last FRET level of 5 ms.
As the first step the program 'BURST_SIMULATOR' calculates an arbitrary burst duration according to the burst duration probabilities. In preliminary attempts we used the autocorrelation function (FCS, Fig. 2 ) to estimate the probability to find a photon burst of certain duration. In the FCS data analysis the mean transit time t diff, FCS of a single molecule through the confocal detection volume is related to the diffusion coefficient, D, by 22 t diff, FCS = (ω 0 ) 2 / (4D) (5) with the 1/e 2 diameter of the laser focus in the x-y-plane, ω 0 . The mean diffusion times through the confocal detection volume of approximately 7 fl were (i) 0.4 ms for the unbound dye, (ii) 3.6 ms for TMR-labeled F 1 (i.e. not bound to F 0 ), and (iii) 25-30 ms for the FRET-labeled F 0 F 1 in liposomes. However, it has been shown that the mean transit time, t B , of a single molecule can be extracted directly from the burst duration distribution, that can be described by a monoexponential decay function. The mean value of t B is related to the diffusion coefficient, D, by 22 t B = (ω 0 ) 2 / (3D) (6) with the 1/e 2 diameter of the laser focus in the x-y-plane, ω 0 . Our experimental burst duration distribution is shown in Fig. 7 A. For the best fit we used two decay functions with the lifetimes t B , 1 = 18.3 ms and t B , 2 = 90.7 ms. The relative amplitudes of 4:1 yielded the mean transit time t B = 35.3 ms, which is in good agreement with the expected value of t B = (4/3)·t diff, FCS by combination of equations 5 and 6.
In the second step the 'BURST_SIMULATOR' fills the calculated burst with levels. The start level is selected arbitrarily, and then the next level durations are calculated according to their dwell time probabilities shown in Fig. 6 . If all requirements were fulfilled, the levels of this burst were sorted into histograms for further analysis, and the next burst was simulated.
For a direct comparison with the ATP hydrolysis experiment (with 2491 analyzed bursts), a data set consisting of 2500 bursts and 1000 repetitions was simulated. The frequency distributions of the three FRET levels are shown in Fig. 7 C. Fitting the distribution with Gaussians yielded the 68 % confidence limits from the standard deviation σ of the distribution. These limits do not overlap between the M level on one side, and the H and L levels on the other side. The lower boundary for the M level distribution (maximum at 36.7 %) is 35.3 %. The upper boundary for the H level distribution (maximum at 30.5%) is 32.0 %, and is 34.5 % for the L level distribution (with the maximum at 32.8 %). For the M and the H level, even the 95 % confidence limits (2σ-interval) do not overlap. In contrast, a limited data set of only 500 simulated bursts resulted in broadened distributions and in overlapping 68 % confidence limits (Fig. 7 B) . We calculated the population distributions from data sets consisting of 100, 1000, 10 4 , and 10 5 simulated photon bursts, and repeated these simulations for 1000 times (data not shown). The simulations with 10000 and more bursts showed no deviations between different runs, and were considered to yield highly reliable results. We always found a preferred detection of the intermediary M level in the photon bursts. In simulations assuming equal dwell times for all FRET levels, no state was preferentially detected.
The simulation also yielded the relative amounts and the distributions of all FRET levels with bursts of one, two, and more FRET level. The experimental all-FRET level histograms for F 0 F 1 during ATP hydrolysis showed a preferred detection of the L-H-bursts for the two-level bursts (L-H 59 %, H-M 17.6 %, M-L 23.5 %), resulting in a preferred detection of the L level in Fig. 5 B. In the simulation with 10000 bursts and 1000 repetitions we found 31.3 % L-H bursts, 30.1 % H-M bursts, and 38.5 % M-L bursts. The simulation did not reproduce the asymmetric distribution of the experiment. In the three-level photon bursts, the following sequences were found in the experiment: H-M-L 63.3 %, M-L-H 23.3 %, and L-H-M 13.3 %. In the simulation with 10000 bursts and 1000 repetitions we obtained 38.4 % H-M-L bursts, 33.6 % M-L-H bursts, and 28.0 % L-H-M bursts. The simulation qualitatively reproduced the asymmetry in the level distribution with a strongly preferred intermediary M level.
During ATP hydrolysis approximately 82 percent of the 2491 collected photon bursts of FRET-labeled F 0 F 1 exhibited only one FRET level and no fluctuations during the observation time of the enzyme. The distribution of the FRET levels (or FRET states, respectively) was defined by 41.7 % in the L state, 15.3 % in the M state, and 43.2 % in the H state. In the simulation for the one-level bursts (with 10000 bursts and 1000 repetitions) we found 40.8 % in the L state, 24.4 % in the M state, and 34.8 % in the H state, which seemed to reproduce the asymmetry for the one-level photon bursts quite well.
DISCUSSION
In F 0 F 1 -ATP synthase the internal rotation of subunits is coupled to the conformational changes in the catalytic binding sites during synthesis or hydrolysis of ATP. Recently, we have established a single-molecule FRET approach to monitor the rotation of the central stalk subunit γ during both modes of catalysis 13, 21 . The γ-subunit of the F 1 part was labeled specifically at a cysteine introduced at an off-axis position, and a second fluorophore was attached to the non-rotating subunits b 2 , or at one of the three non-rotating β-subunits 21 . During rotation of the γ-subunit the distances between the two fluorophores changed stepwise. At high nucleotide concentrations, i.e. 1 mM ATP during ATP hydrolysis or 100 µM ADP during ATP synthesis, the full rotation of γ was stopped at three positions which were expected to be 120° apart from each other. The three stopping positions could be discriminated by three distinct FRET efficiencies, and the orientational states of γ were called L (low FRET efficiency), M (medium FRET efficiency), and H (high FRET efficiency).
Currently the structure of the bacterial F 0 F 1 -ATP synthase is not available at an atomic resolution. However, the structure of the F 1 part of the mitochondrial enzyme has been solved by J. Walker and colleagues at 2.8 Å resolution 26 , and many details of the conformations of the three β-subunits with the catalytic binding sites are known. Electron microscopic images of the bacterial 4 as well as the mitochondrial 6 enzymes showed the shape of the ATP synthase and helped to establish the three-dimensional arrangement of the different subunits of F 0 F 1 . Biochemical cross-linking data improved the localization of the subunit b-dimer at a non-catalytic interface between one α-and one β-subunit 27 . Together with the structure of an γ-ε-sub complex of the bacterial F 1 part 28 , one can build a model of the F 0 F 1 -ATP synthase from Escherichia coli to verify the intramolecular distances that were obtained in the single-molecule FRET approach. By comparison with the possible intramolecular distances from this model we concluded that during ATP hydrolysis the L state of the γ subunit corresponds to a large distance to the b-subunits at amino acid position b64 of about 7.9 nm, the M state to a distance of 6.4 nm, and the H state to a short distance of 5.3 nm 13 . These distances were calculated from fluorescence intensity-based FRET efficiencies according to equations 3 and 4 (see above), that assumed an orientational factor κ 2 = 2/3 for the two fluorophores. Since several photophysical quenching processes might influence the photon count rates of a single fluorophore, we measured fluorescence lifetime-based FRET efficiencies (equation 5) independently to verify the intensity-based FRET distance calculations. The good agreement achieved with both methods supported the distance dependence of the measured FRET efficiencies for the three FRET levels. However, the cysteine position for the attachment of the FRET donor TMR at the γ-106 position of the F 1 part exhibited a limitation for the future use in single-molecule FRET: the quantum yield of TMR was low (about 0.32), probably caused by a reversible quenching process with a time constant of 100-200 µs that was measured earlier by fluorescence correlation spectroscopy 29 .
To increase the photon count rate of the FRET donor for an improved signal-to background ratio we selected a bufferexposed amino acid position in the ε-subunit that was not surrounded by a nearby tryptophan as a possible quencher. At the residue position ε-56 the quantum yield of TMR was increased by more than 20 percent (B. Zimmermann, M. Diez, N. Zarrabi, P. Gräber, M. Börsch, submitted). Since the ε-subunit of the bacterial F 0 F 1 -ATP synthase is part of the rotating central stalk, it was expected that ε rotates together with the γ-subunit in 120° steps during catalysis. In the work presented here we evaluated the possibilities to discriminate the three stopping orientations of ε in a fluorescence lifetime-based single-molecule FRET approach, i.e. we tested if they could be characterized by three distinguishable FRET efficiencies that were distance dependent.
In the presence of AMPPNP we found four types of single-molecule FRET efficiencies that remained constant throughout the photon burst of a F 0 F 1 in a liposome. The four lifetimes of TMR at a F 0 F 1 were assigned as follows: (i), the unchanged lifetime of TMR in the absence of a FRET accepetor was τ(D)=2.48 ns; (ii), the slightly reduced lifetime of TMR in the prescence of Cy5bis as the FRET acceptor in a large distance was τ(L)=2.1 ns; (iii), the reduced lifetime of TMR in the prescence of Cy5bis as the FRET acceptor in a medium distance was τ(M)=1.4 ns, (iv) the very short lifetime of TMR in the prescence of Cy5bis as the FRET acceptor in a short distance was τ(M)=0.5 ns. The lifetimebased calculation of the four FRET efficiencies showed a very good agreement with the intensity-based calculation of the same burst. We conclude that the distinct single-molecule FRET efficiencies for the L, M, and H level are mainly related to the different fluorophore distances also in case of the FRET donor TMR at residue position ε-56. The three ε orientations are shown in the F 0 F 1 model in Fig. 8 (the e-56 position is marked by a van der Waals representation of the amino acid, and the likely b-64 position is depicted as a black ellipsoid).
With the improved signal-to-background ratio in this single-molecule FRET approach, a large FRET data set was measured for F 0 F 1 in liposomes during ATP hydrolysis using the intensity-based detection of FRET efficiencies. Photon bursts with fluorescence intensities above the background were selected by the following criteria: (i), minimal burst duration longer than 20 ms, and (ii), at least 400 photons as a sum of photon counts in both detection channels. Donorlabeled F 0 F 1 -liposomes (about 60% of all bursts) were identified as bursts without counts in the acceptor channel, and were omitted from further data analysis. Photobleaching of Cy5bis, which occured in a single step for all FRET efficiencies with similar probabilities, indicated that the F 0 F 1 liposomes carried a single donor and a single acceptor fluorophore.
The ATP hydrolysis data of 2491 selected enzymes showed for the first time different dwell times of the three FRET levels. Each FRET level corresponds to one orientation of the rotating ε-subunit with respect to the static b-subunit dimer, and the dwell time probably represents the time interval of one catalytic event. Accordingly, the calatytic rates at the three nucleotide binding sites are similar, but not identical. If we assume equal dwell times for all three FRET states or ε orientations, we expect a similar probability to find all combinations of the three FRET levels in a photon burst, that is H-M-L, M-L-H, and L-H-M for a three-level burst during ATP hydrolysis. This is also expected for photon bursts with four FRET levels. The first and the last level (while arriving or leaving the detection volume) have to be omitted because their durations remain unknown. The remainig intermediary FRET levels should appear in similar amounts in the dwell time histogram. However, the detected number of M levels (90 levels) during ATP hydrolysis in photon bursts with 3 and 4 FRET levels (124 bursts) was much higher than the number of L and H levels (44 and 24 levels). In general, asymmetric populations of the three FRET levels were found depending on the number of FRET levels within a single photon burst. However, the quantitative analysis of such a single-molecule experiment might be obscured by the limited number of events.
The aim of this work was to analyze the reliability of these population distributions of the three FRET levels in a data set of about 2500 enzymes. Briefly, we simulated the effect of the different dwell times on the detection probability of the three FRET levels as intermediary states within a photon burst. We wanted to confirm the hypothesis of a higher probability to realize a short photon burst with many (3 or 4) FRET states when the intermediary states exhibits a short dwell time. Using the experimentally determined photon burst duration distribution we could reproduce a preferred occurence of the M level in the simulated three-and four-level bursts in a simulation of 2500 bursts. The simulation supported also the asymmetry for the detection of FRET levels of the one-level photon bursts. However, we failed to reproduce the population distribution of the two-level bursts. In addition, the predicted relative amounts of the one-, two-, three-and more than three level bursts did not reproduce the experimentally determined distributions.
For these simulations we did not consider the different photophysical detection probabilities of the three FRET efficiencies. The L level as well as the H level exhibited high photon count rates in the FRET donor or acceptor channel. The M level showed lower count rates on both channels. The thresholds used to identify a photon bursts might result in missing M levels as the first or last level of a bursts, and, therefore, the experimentally determined population distributions might have been affected. Also, biochemical causes for an asymmetry in the detection probabilities of a FRET level were not considered. To summarize, these simulations can be taken qualitatively as a support for the preferred detection of the M level during ATP hydrolysis which is strongly correlated with the shorter dwell time of the M level.
The questions remains, how the different dwell times are related to the structure of the F 0 F 1 -ATP synthase from E. coli. The individual dwell times of the L, M, and H FRET level during ATP hydrolysis can be interpreted as a hint for a significant faster transition from the M to the L level compared to the two other transitions, i.e. the L to H level transition and the H to M level transition. We might explain this by the following assumptions using the model of the F 0 F 1 sub-complex in Fig. 8 :
• the transition rate from one FRET level to the next is affected by conformational rearrangements between one β-subunit and the adjacent b-subunits.
• the ε orientation of the H level corresponds to the β-subunit in the 'open' conformation according to the mitochondrial F 1 structure 26 , and • we consider mainly the movements of lower part of β (so-called DELSEED region) compared to the conformation of the H level orientation of ε. Figure 8 . The effect of the b-subunits on the conformational dynamics of the β-subunit during ATP hydrolysis. This partial model of the F 0 F 1 from E. coli shows the γ-subunit ('ribbon' representation) and the ε-subunit ('lines') in dark gray. The position of the FRET donor at e56 is marked by a van der Waals representation of the amino acid. One β-subunit in 'cartoon' representation is overlaying the β-subunit in the open conformation (in 'surface representation', light gray,). The shape of the b-subunit dimer is depicted in gray, with the likely position of the FRET acceptor at b64 as a black ellipsoid. During rotation of the ε-and γ-subunits the β-subunit changes the conformation in the lower part as indicated by the arrows. This model of F 0 F 1 was visualized using VMD 30 .
• The transition of ε from H to M is associated with a large inward movement of the DELSEED part in the β-subunit towards the axis of rotation (see dark gray arrow in the middle of Fig. 8 ). This conformational change has to be followed by the b-subunit dimer, which makes this process slow.
• The transition of ε from M to L requires only a small additional inward movement of the lower part of the β−subunit (light gray arrow on the right side of Fig. 8 ), and only a small rearrangement of the b-subunits. Accordingly the process is faster than the H to M transition and results in a shorter dwell time of the M level.
• Finally, the transition of ε from L to H is associated with a large outward movement of the β-subunit, and the b-subunits have to be pushed back. Therefore, this is the slowest transition which corresponds to the longest dwell time for the L level.
This hypothesis of the influence of the peripheral stalk on the individual catalytic rates of the three binding sites should be taken as a preliminary working model. The single-molecule FRET approach with the FRET donor TMR at the ε-subunit of F 0 F 1 has provided the first data showing the asymmetry in catalysis. The b-subunits of the F 0 F 1 -ATP synthase do not only introduce the asymmetry to the structure and the catalytic rates, but might act as a spring for the transient storage of elastic energy 31 . Monitoring the rotary motion in F 0 F 1 -ATP synthase by single-molecule FRET can be used for the detailed analysis of the associated conformational changes, or as a microscopic tool to detect ATP synthesis of single F 0 F 1 32 . The current limitation of this approach is the short observation time of a single enzyme as it traverses the confocal detection volume. The time resolution using TCSPC data aquistition will allow the detection of submillisecond conformational dynamics. Furthermore, the selection of fluorophores with a higher quantum yield will improve the signal-to-background ratio, and sub-nanometer precision for the determination of the distances and subtle distance changes between the two fluorophores can be expected.
